We used a murine model to investigate functional interactions between tumors and peripheral nerves that may contribute to pain associated with cancer. Implantation of fibrosarcoma cells in and around the calcaneus bone produced mechanical hyperalgesia of the ipsilateral paw. Electrophysiological recordings from primary afferent fibers in control and hyperalgesic mice with tumor revealed the development of spontaneous activity (0.2-3.4 Hz) in 34% of cutaneous C-fibers adjacent to the tumor (9-17 d after implantation). C-fibers in tumor-bearing mice exhibited a mean decrease in heat threshold of 3.5 Ϯ 0.10°C. We also examined innervation of the skin overlying the tumor. Epidermal nerve fibers (ENFs) were immunostained for protein gene product 9.5, imaged using confocal microscopy, and analyzed in terms of number of fibers per millimeter of epidermal length and branching (number of nodes per fiber). Divergent morphological changes were linked to tumor progression. Although branching of ENFs increased significantly relative to control values, in later stages (16-24 d after implantation) of tumor growth a sharp decrease in the number of ENFs was observed. This decay of epidermal innervation of skin over the tumor coincided temporally with gradual loss of electrophysiological activity in tumor-bearing mice. The development of spontaneous activity and sensitization to heat in C-fibers and increased innervation of cutaneous structures within the first 2 weeks of tumor growth suggest activation and sensitization of a proportion of C-fibers. The decrease in the number of ENFs observed in later stages of tumor development implicates neuropathic involvement in this model of cancer pain.
We used a murine model to investigate functional interactions between tumors and peripheral nerves that may contribute to pain associated with cancer. Implantation of fibrosarcoma cells in and around the calcaneus bone produced mechanical hyperalgesia of the ipsilateral paw. Electrophysiological recordings from primary afferent fibers in control and hyperalgesic mice with tumor revealed the development of spontaneous activity (0.2-3.4 Hz) in 34% of cutaneous C-fibers adjacent to the tumor (9-17 d after implantation). C-fibers in tumor-bearing mice exhibited a mean decrease in heat threshold of 3.5 Ϯ 0.10°C. We also examined innervation of the skin overlying the tumor. Epidermal nerve fibers (ENFs) were immunostained for protein gene product 9.5, imaged using confocal microscopy, and analyzed in terms of number of fibers per millimeter of epidermal length and branching (number of nodes per fiber). Divergent morphological changes were linked to tumor progression. Although branching of ENFs increased significantly relative to control values, in later stages (16-24 d after implantation) of tumor growth a sharp decrease in the number of ENFs was observed. This decay of epidermal innervation of skin over the tumor coincided temporally with gradual loss of electrophysiological activity in tumor-bearing mice. The development of spontaneous activity and sensitization to heat in C-fibers and increased innervation of cutaneous structures within the first 2 weeks of tumor growth suggest activation and sensitization of a proportion of C-fibers. The decrease in the number of ENFs observed in later stages of tumor development implicates neuropathic involvement in this model of cancer pain.
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Cancer is often accompanied by pain that increases with metastatic infiltration and destruction. The pain is particularly difficult to treat in advanced stages of the disease and when tumors infiltrate bone or nerve. Improved treatment for cancer pain is dependent on understanding the mechanisms by which tumor growth causes pain. To investigate neurobiological mechanisms underlying cancer pain, we have used a mouse model to investigate functional interactions between tumors and peripheral nerve that may contribute to cancer-evoked pain and hyperalgesia. This model is predicated on the implantation of fibrosarcoma cells into the C3H strain of mouse (Schwei et al., 1999; Honore et al., 2000a,b; Wacnik et al., 2000) . Implantation of tumor-inducing cells into the intramedullary space of the mouse femur produces a bone cancer model that compares well with aspects of human bone cancer, e.g., increased osteoclast activity preceding bone destruction and hyperalgesia that is attenuated by morphine. Pathological cellular effects of metastatic bone destruction in the spinal cord include hypertrophy of astrocytes, increased internalization of the substance P receptor, increased expression of c-fos protein in lamina I of the spinal cord after non-noxious palpation of the bone and deep tissues in tumor-bearing mice, and increased expression of the prohyperalgesic opioid peptide dynorphin in the deep spinal laminae ipsilateral to the side of bone destruction (Schwei et al., 1999; Honore et al., 2000a,b) . Because pain in human patients with bone cancer tends to increase in relation to bone destruction induced by osteoclast activity (Clohisy and Ramnaraine, 1998) , inhibition of osteoclast-mediated bone resorption diminishes pain-related behaviors by halting osteoclast development and activation (Honore et al., 2000b) .
In the companion paper in which a similar model was used (Wacnik et al., 2001 ), implantation of tumor-inducing cells in and around the calcaneus bone produced osteolysis and cutaneous mechanical and cold hyperalgesia. It was also shown that endothelin-1 (ET-1), which is known to cause nociceptive behavior and excite primary afferent fibers (Davar et al., 1998; Fareed et al., 2000) , is released from the fibrosarcoma. We hypothesized that enhanced excitability would occur in C-fibers because tumors produced an increase in internalization of substance P receptors in spinal neurons (Schwei et al., 1999) , and most of the substance P released in the spinal cord is from small-caliber afferent fibers (Mantyh et al., 1995; Allen et al., 1997 Allen et al., , 1999 . In addition, growth factors (Bonetti et al., 1997; Tsujino et al., 1997) released from tumors or physical properties associated with tumors, such as compression, may result in structural modification of nerve fibers leading to abnormal activity. We reasoned that either proliferation of nerve fibers, particularly unmyelinated endings, or nerve degeneration would contribute to increased excitability. We therefore quantified the effects of tumor development on epidermal innervation.
MATERIALS AND METHODS Subjects
A total of 113 adult (Ͼ6 weeks old) male C3H mice weighing 20 -29 gm were used. Because the cell line (NC TC clone 2472) used to induce tumors in the mouse cancer pain model was derived from C3H mice, this strain is optimally tumorigenic. Animals were obtained from the National Institutes of Health, housed on a 12 hr light /dark schedule, and given ad libitum access to food and water. All animal procedures were approved by the Animal C are Committee of the University of Minnesota, and experiments were conducted according to the guidelines set forth by the International Association for the Study of Pain.
Implantation techniques
Mice were placed in an enclosed chamber and anesthetized with halothane in preparation for cell implantation. When the animal demonstrated nonresponsiveness to paw pinch, it was removed from the chamber and fitted with a facemask that continuously delivered 1-2% halothane in an air/oxygen mixture throughout the surgery. The level of anesthesia was monitored throughout the procedure by responsiveness to paw pinch to ascertain satisfactory depth of anesthesia. Mice showing signs of permanent motor dysf unction after tumor implantation were euthanized.
NC TC clone 2472 connective tissue cells were obtained from American T ype C ell Culture and maintained as described previously (C lohisy et al., 1996) . The cells were grown to confluence in 75 cm 2 flasks in NC TC 135 medium, pH 7.35, 10% horse serum, and passed one time weekly by a 1:4 -6 split ratio. C ells were prepared for implantation by first pouring off the medium and rinsing with PBS. Trypsin was then added for 5-10 min to detach cells from the flask and create a single-cell suspension. The enzymatic action was stopped with a sufficient volume of the appropriate culture medium. The cells were then counted with a hemacytometer, pelleted, resuspended, rinsed in PBS, pelleted a second time, and resuspended in PBS for implantation in a concentration of 2 ϫ 10 5 cells/10 l. C ells were injected unilaterally into and around the calcaneus bone in a volume of 10 l. Injection required the single use of a 0.3 cc insulin syringe, whereupon the syringe was used both to bore through the calcaneus bone (proximal to distal) and inject the cells as the needle was withdrawn. This implantation protocol was derived from a femur skeletal metastasis model that has been used to study the cellular and biochemical mechanisms mediating bone destruction at the tumor site (C lohisy et al., 1996) .
Behavioral studies: measurement of hyperalgesia
To ensure that all mice with tumor used in the electrophysiological studies were hyperalgesic, withdrawal responses evoked by a von Frey monofilament (3.4 mN bending force) were obtained from the hindpaw of each animal. Mice were placed on a wire mesh platform, covered with a hand-sized container, and allowed to acclimate to their surroundings for a minimum of 30 min before testing. The von Frey monofilament was applied to the plantar surface of the hindpaw at random locations. Withdrawal response frequency was measured from 6 -10 trials. For each trial, the filament was applied at 1-5 sec intervals. Withdrawal response frequencies were obtained for 3 d before tumor cell implantation and at various days after implantation. Mechanical hyperalgesia was defined as an increase in withdrawal frequency at least two SDs greater than the SD of the baseline mean. For electrophysiological study, we f urther restricted selection of mice with tumor to those animals that exhibited a withdrawal frequency Ն80% for at least 2 consecutive days.
Electrophysiological studies
Electrophysiolog ical recording f rom primar y afferent fibers. A total of 86 mice were used in electrophysiological experiments (control, n ϭ 42; mice with tumor, n ϭ 44). Of the mice with tumor, only those determined to be hyperalgesic to mechanical stimuli were used. Animals were sedated with acepromazine maleate (20 mg / kg, i.p.) and anesthetized with sodium pentobarbital (Nembutal, 48 mg / kg, i.p.) . Supplemental doses of sodium pentobarbital (15 mg / kg) were given as needed to maintain areflexia. Hair was removed from one hind limb and an incision was made on the dorsal aspect of the lower leg in the skin overlying the tibial nerve. After the gastrocnemius muscle was surgically removed, the skin was sutured to a metal ring (inner diameter 1.3 cm) to form a basin that was filled with warm mineral oil. The tibial nerve was dissected from connective tissue and placed on a small, mirrored platform for separation of nerve fibers. To prevent leakage of oil from the recording basin, a rubber-based polysulfide impression material (C OE-FL EX, GC America Inc.) was applied externally around the ring to the skin of the hind limb and allowed to set for ϳ20 min to form a hard seal. The epineurium of the tibial nerve was opened using a miniature scalpel, and small fascicles were cut to allow the proximal ends to be spread out on the platform for separation with fine jewelers forceps.
Nerve fascicles were teased apart, and fine filaments were placed on a silver-wire recording electrode maneuvered by a micromanipulator. E xtracellular recordings were obtained only from single fibers that could be easily discriminated according to amplitude and shape. Action potentials were amplified, audio monitored, displayed on an oscilloscope, and stored on a VCR before being sent to a PC computer for data acquisition. Evoked responses were analyzed off-line using a customized data analysis program (LabV I EW, version 5.1). An amplitude window discriminator was used to separate action potentials of the fiber under study from those of other fibers and from background noise. However, recordings typically consisted of one afferent fiber.
Identification of primar y afferent fibers. The receptive fields (RFs) of cutaneous afferent fibers were identified using mechanical stimuli. Mechanical stimulation proceeded by a graduated approach beginning with large and soft stimulation with a cotton swab or the experimenter's fingers, followed by mild pinching with curved serrated forceps. Once a fiber was isolated, the location of its RF was identified using a small glass probe (1 mm diameter) or a suprathreshold von Frey monofilament, or both. The RF location was then marked on the skin with a felt-tip pen and reconstructed on a drawing of the mouse hindpaw.
Conduction velocit y. By electrical stimulation of the RF of each isolated fiber, the conduction latency and distance of action potentials between the RF and the recording electrode were determined for calculation of conduction velocity. T wo fine needle electrodes (30 gauge) were inserted into the skin on opposite sides adjacent to the RF. Square-wave pulses (duration 0.2 msec, 0.5 Hz) were delivered at a stimulating voltage 1.5 times the voltage required to evoke a threshold response. Average conduction latencies were previously obtained from compound action potentials so that fibers with conduction velocities Ն1.3 m /sec were classed as myelinated and subdivided into A␦-fibers (1.3-13.6 m /sec) and A␤-fibers (Ͼ13.6 m /sec). Fibers with conduction velocities Ͻ1.3 m /sec were identified as C -fibers.
Mechanical stimulation. To ensure that recordings were obtained exclusively from fibers innervating cutaneous RFs rather than from deeper units innervating muscle, the skin surrounding the RF was gently grasped with curved forceps and lifted. Only fibers that discharged primarily while the skin around the RF was lifted above the underlying tissue and lightly squeezed were considered to be cutaneous units. At the time of unit isolation, toes and joints were manipulated to identif y proprioceptive units, which were not studied f urther. Individual fibers were classed according to general response properties, including conduction velocity, waveform, and response to gradations of various mechanical stimuli such as light stroking with cotton swab and applied pressure with a roundtipped glass rod. Mechanical thresholds were determined using calibrated von Frey monofilaments (Stoelting) and were expressed as the minimum force (in milliNewtons) needed to evoke a response in at least 50% of the trials. The range of von Frey filaments used in this study exerted bending forces from 0.1 to 177.5 mN. L ow-threshold mechanoreceptors (A␤ fibers) were identified as either rapidly adapting (R A) or slowly adapting (SA) by applying constant force using a suprathreshold von Frey monofilament (73 mN bending force) that was secured to a microdrive and manually lowered onto the RF for 10 sec.
T hermal stimulation. Thermal stimuli were delivered by a Peltier-type thermode controlled by a customized software program. Heat stimuli ranging from 35 to 51°C were presented in ascending steps of 2°C from a base temperature of 32°C. Each stimulus was applied for 5 sec duration with an interstimulus interval of 60 sec. The rise and fall of each thermal stimulus presented was 20°C /sec. After a period of at least 5 min, cold stimuli (each of 10 sec duration) were presented in descending increments of 4°C from 28°C to Ϫ12°C and were applied with a ramp rate of 5°C /sec. An interstimulus interval of 160 sec occurred between each increment of cold stimulation.
The relatively large contact area of the thermode (contact area 1 cm 2 ), which was attached to a manipulator, facilitated a firm contact with the RF. For A␦-and C -units, the thermode was lowered onto the RF exerting pressure just sufficient to elicit a response, thus assuring the proper angle and position of the thermode over the RF. Then, the thermode was delicately adjusted (by manipulator) until the mechanically induced response ceased yet a visible indentation of the skin was maintained.
Fiber classification. The procedure used to classif y mouse primary afferent fibers has been described previously (C ain et al., 2001) . Briefly, mechanoreceptors were considered R A if they exhibited an abrupt response to the onset (and offset) of mechanical stimuli but failed to maintain discharge during the 10 sec trial. SA mechanoreceptors were those that discharged throughout the 10 sec period of stimulation.
Nociceptors were characterized according to responses evoked by noxious mechanical, heat, and cold stimuli. In the absence of a response to the applied range of thermal stimuli, A␦ and C nociceptors were classed as mechanonociceptors (AM and C M, respectively). Nociceptors excited by heat, but not cold, were classed as mechanoheat nociceptors (AM H, C M H), and those responding to cold but not heat were classed as mechanocold nociceptors (AMC, C MC). Nociceptors excited by both types of thermal stimuli, mechanoheat /mechanocold nociceptors, were designated AM HC or C M HC. AM H nociceptors exhibiting response thresholds Յ51°C were subclassed as AM H type II fibers. Those A␦ nociceptors not responsive during initial heat trials were exposed (up to three times) to 53°C for 30 sec to induce sensitization to heat. If these nociceptors subsequently responded to heat, they were classified as AM H type I (Meyer et al., 1985; Treede et al., 1992) .
Studies of epidermal innervation
T wenty-seven C3H mice (11 control, 16 hyperalgesic mice with tumor) were used to identif y possible effects of tumor growth on density and branching of epidermal nerve fibers (EN Fs). After injection with pentobarbital (60 mg / kg, i.p.), a punch biopsy was obtained from the skin overlying the heel of the left hind paw and fixed in Z amboni's solution (2% paraformaldehyde, 0.2% picric acid in PBS, pH 7.6, for 24 hr at 4°C, then cryoprotected in 0.1 M PBS, pH 7.4, containing 20% sucrose and stored at 4°C until f urther processing.
Biopsies were sectioned at 30 m and washed free-floating in PBS with 0.3% Triton X-100 and 5% normal donkey serum (N DS) for 1 hr, then incubated in primary antisera overnight at 4°C. Rabbit antisera to protein gene product (PGP) 9.5 (Ultraclone, Isle of Wight, UK) and goat antisera to type IV collagen (Southern Biotechnology Associates, Inc., Birmingham, AL) were used. All primary antibodies were diluted in PBS with 0.3% Triton X-100 and 1% N DS. The following day the sections were washed three times with the same diluting solution and incubated with donkey anti-rabbit antibodies conjugated to C y-3 and donkey antigoat antibodies conjugated to C y-2 (Jackson ImmunoResearch, West Grove, PA; 1:200) overnight at 4°C. After additional rinses in the diluting solution, sections were adhered to coverslips with 1% Nobel agar (Sigma, St. L ouis, MO), dehydrated in ethanol, cleared in methyl-salicylate, and mounted on slides with DPX (Fluka, Buchs, Switzerland). Fluorescent samples were viewed with an epifluorescence-equipped Nikon Microphot-SA microscope using appropriate filters. Selected sections were imaged with a CARV non-laser Confocal Microscope System (ATTO Instruments, Rockville, MD). Images were collected in successive frames of 1 m serial optical sections (Z-series) through the thickness of the sections using a 40ϫ oil Z eiss plan apochromat objective (numerical aperture 1.3). Each Z-series of images was either projected into a single in-focus image and printed with a Kodak ColorEase thermal dye diff usion printer or used as a Z-series for quantification of nerve fibers.
Quantitative analyses of EN Fs were conducted as described previously (Kennedy et al., 1996) . The number of EN Fs and nodes per fiber in epidermal images was counted using a 40ϫ objective with a Nikon Microphot-SA fluorescent microscope. Epidermal innervation was evaluated from Z-series stacks of PGP 9.5-immunostained EN Fs, and the images were analyzed with Neurolucida software (MicroBrightfield, Colchester, V T) by tracing nerve fibers in three dimensions. Individual EN Fs were counted after they passed through the basement membrane so that branching occurring within the epidermis did not increase the number of EN Fs counted. Fiber counts per millimeter length of epidermis were standardized for section thickness (25 m) and expressed as the number of fibers per millimeter of epidermis.
Data analyses
Electrophysiolog y. Action potentials and discriminated spikes were stored on videotape and on a laboratory computer for off-line analysis. Thermal stimuli, including ascending and descending ramps and the time at which they were reached, were also digitized and stored. An additional channel stored a digitized trace of voltage from a footswitch used to identif y the time of mechanical stimulation for characterization of rapidly and slowly adapting responses.
Differences in mechanical threshold among fiber types were determine using the Kruskal -Wallis ANOVA and Mann--Whitney U tests. The responses of A␦-and C -fibers to thermal stimuli were analyzed on the basis of the number of impulses and the frequency, i.e., discharge rate (from first to last evoked impulse) evoked by each stimulus. The Lab-V I EW software files were reviewed for each thermal stimulus trial. To obtain the discharge frequency, the exact number of spikes was divided by the time difference between the first spike and the last spike in response to each thermal stimulus. The mean was computed from the discharge frequency totals obtained for each temperature stimulus for either A␦-or C-fibers. Frequency could not be calculated for responses consisting of a single impulse. Differences in response thresholds for heat and cold between fiber types were analyzed using a one-way ANOVA and Newman -Keuls post hoc comparisons. Responses of C -fibers evoked by suprathreshold heat stimuli were analyzed by within-and-betweensubjects ANOVA performed on the log of spikes ϩ 1 to homogenize variability.
Morpholog y. The Mann -Whitney rank sum test was used to assess whether the number of EN Fs per millimeter length of epidermis and the branching (nodes per fiber) differed significantly.
2 tests were used to determine the proportion of EN Fs having no branching, one node per fiber, or two or more nodes per fiber. A probability of Ͻ0.05 was considered significant for statistical comparisons.
RESULTS
As shown in a related study in this issue (Wacnik et al., 2001) , the fibrosarcoma tumor caused progressive destruction of the calcaneus bone. Hematoxylin and eosin staining showed that by postimplantation day 6 (PID 6) the edge of the calcaneus bone was irregular, and bone had deteriorated with tumor progression. Also, there was no indication that tumor cells invaded skin or nerve up to PID 12. Results showed a continuous progression in tumor diameter from day 3 (4 mm) to day 10 (4.5 mm), whereupon the rate increased and by day 15 heel width reached an average 5.5 mm (naive width 3.3 mm) and maximal width of 8.2 mm in mice ϾPID 20.
Hyperalgesia in mice with tumors
Sarcoma tumor cell implantation into the heel of 125 C3H/He mice was associated with mechanical hyperalgesia beginning PID 7. Mechanical hyperalgesia was measured using a von Frey monofilament with a bending force of 3.8 mN applied to the plantar surface of the hindpaw. The hyperalgesia developed with tumor growth from PID 6 through PID 15. In control mice, the frequency of withdrawal from the von Frey filament was 10 -20%, whereas the comparable values in tumor-bearing mice were 80 -100%.
Responses of primary afferent fibers
Recordings were obtained in the present study from a total of 190 primary afferent fibers, all of which were excited by mechanical stimuli applied to RFs located on glabrous skin. In control mice, 84 fibers were studied, of which 30 were identified as C-fibers, 21 as A␦-fibers, and 33 as A␤-fibers. Response properties were similar to those described in an earlier study of afferent fibers in the mouse tibial nerve (Cain et al., 2001 ). In addition, 106 fibers were isolated in mice with tumor, 50 were identified as C-fibers, 26 as A␦-fibers, and 30 as A␤-fibers. All of the C-fibers in mice with tumor were recorded at PID 8 -17, except for one each at PID 19 and 20. Both A␦-and A␤-fibers in mice with tumor were also evenly distributed between PID 8 and PID 17, and one A␤-fiber was recorded at PID 21. Fibers that were completely tested with heat and cold stimulation paradigms were further grouped according to temperature sensitivity (Table 1) .
Spontaneous activity
Unlike C-fibers in control mice in which none of the 30 C-fibers exhibited ongoing activity, 34% (17 of 50) of C-fibers in mice with tumor discharged action potentials spontaneously. Rates of spontaneous activity ranged from ϳ0.2-3.4 Hz with a mean rate of 1.2 Hz Ϯ 0.24 Hz. The peak discharge, the maximal rate of discharge of a fiber based on the shortest time interval between two action potentials, was 28.2 Hz. Figure 1 illustrates the ongoing activity of three C-fibers (A, B, and C) accompanied (see below) by three superimposed traces verifying the constant response latency used to determine the conduction velocity of the fiber. Some C-fibers in mice with tumor displayed an intermittent bursting pattern of spontaneous activity (Fig. 1C) .
The presence of spontaneous activity, in addition to being limited to C-fibers in mice with tumor, increased with tumor progression. Logistic regression analysis indicated that ongoing activity, which was observed first in 33% (1 of 3) of C-fibers at PID 9, peaked significantly at 83% (5 of 6) of the C-fibers recorded at PID 17 ( p Ͻ 0.033). When the percentage of C-fibers with spontaneous activity was calculated as a function of day after implantation, 82% (14 of 17) of such fibers were found to occur in the range of PID 13-17. Among later PID mice, electrophysiological responsiveness of all types of primary afferents in the nerve decreased sharply, thus making the isolation of single fibers difficult, and this physiological change coincided with the onset of the disappearance of ENFs as reported below (see Morphology of epidermal nerve fibers).
There was no obvious relationship between specific characteristics of the spontaneous activity and the functional class of C-fiber. Among the spontaneously active fibers, one was classed as CM, one as CMC, five as CMH, and four as CMHC. The functional classes of the other six spontaneously active C-fibers were not completely identified; however, all responded to mechanical stimuli.
The RFs of spontaneously active C-fibers were generally located in close proximity to the tumor, specifically, 88% (15 of 17) were on the plantar surface within 2 mm of the visible tumor periphery, whereas the RFs of two spontaneously active C-fibers were found on the toes (ϳ3.5 mm from the edge of the tumor). No spontaneous activity was found between either A␤-or A␦-fibers in this study.
Responses evoked by thermal and mechanical stimuli
Heat thresholds were determined for 18 C-fibers (from 18 mice with tumor) and 17 heat-sensitive C-fibers (from 13 control mice). Thresholds of C-fibers in mice with tumor were obtained from PID 8 (n ϭ 2; mean 39°C) to PID 17 (n ϭ 1; 35°C). Although no correlation was found between heat threshold and PID, the mean response threshold of C-fibers to heat was significantly 3.5°C lower ( p Ͻ 0.01) in mice with tumor (38.3°C Ϯ 0.7; n ϭ 18) relative to control mice (41.8 Ϯ 1.0; n ϭ 17), as shown in Figure  2 . In control mice, 41% (7 of 17) of the C-fibers had response thresholds below 40°C compared with 78% (14 of 18) of the C-fibers in mice with tumor. In addition, responses of C-fibers evoked by suprathreshold heat stimuli (Fig. 3A) were greater in mice with tumor than in control mice ( p Ͻ 0.01), and the number of impulses between control and tumor for stimulus temperatures of 37-49°C showed a significant temperature-dependent difference ( p Ͻ 0.01). Thus, sensitization to heat was manifested as a decrease in response threshold and an increase in number of impulses evoked by suprathreshold heat stimuli. The histogram in Figure 4 differentiates between heat thresholds of nonspontaneously active and spontaneously active C-fibers in tumorbearing mice. Although the difference in heat thresholds between control and tumor mice was significant, no difference occurred between quiescent and spontaneously active C-fibers in tumor mice. The ranges of response thresholds to heat for C-fibers without and with spontaneous activity were 35-47 and 35-39°C, respectively. In contrast, the mean cold threshold of C-fibers in mice with tumors (11.2°C Ϯ 2.4; n ϭ 15) compared closely with that of control mice (10.2°C Ϯ 2.6; n ϭ 14), and no difference in mean response threshold was observed. Similarly, responses of C-fibers evoked by suprathreshold cold stimuli, illustrated in Figure 3B , did not differ significantly between control mice and tumorbearing mice. The histogram in Figure 4 further indicates that no significant difference in cold thresholds was observed between nonspontaneously active and spontaneously active C-fibers in mice with tumor. The range of response thresholds to cold was 24C°to Ϫ4C°regardless of whether the C-fiber was spontaneously active.
In tumor-bearing mice, two heat-sensitive A␦-fibers (AMH type II) had response thresholds of 47 and 43°C, respectively. These response thresholds are similar to those observed in control mice (Table 1 ). In addition, the mean threshold of five cold-sensitive A␦-fibers (AMC) in mice with tumor was 11.2°C Ϯ 6.1 (range, Ϫ8 to ϩ28°C) compared with a mean of 3.0 Ϯ 5.7°C from four cold-sensitive A␦-fibers in control mice. A larger sampling of responses of A␦-fibers to cold reported in a previous study (Cain et al., 2001) found a mean cold threshold of 7.6 Ϯ 3.8°C. Sensitivity of A␤-fibers to heat and cold was not tested. No significant differences were observed for mechanical threshold of C-fibers and A␦-fibers between control mice and tumorbearing mice. The median mechanical threshold of C-fibers in control mice (n ϭ 30) was 24.4 mN, and the median mechanical threshold of C-fibers in mice with tumor (n ϭ 50) was also 24.4 mN. The range of these thresholds was 1.2-177.5 mN (control) and 2.1-111.5 mN in mice with tumor. The median mechanical thresholds of 47 A␦-fibers (21 from control mice, 26 from mice with tumor) are stated in Table 1 . For mice with tumor the median value was 5.2 mN compared with 10.4 mN in control mice; however, this difference was not significant. The median mechanical threshold of A␤-fibers in control mice was 4.4 mN (range, 0.6 -24.4 mN), which compared with a median of 1.18 mN (range, 0.27-24.4 mN) in mice with tumor. This difference in median mechanical thresholds for A␤-fibers was significant ( p ϭ 0.01). Sensitivity of A␤-fibers to heat and cold was not tested.
Tibial nerve afferent fibers in mice with tumor underwent marked change in electrophysiological activity beyond 2 weeks of tumor growth. After PID 17 it became more difficult to record activity from individual primary afferents regardless of functional type, and by PID 20 -24 fiber activity was rarely recorded. This decrease of afferent activity correlated with prodigious tumor growth as measured by a maximal heel width of 8.2 mm in mice ϾPID 20 (compared with 3.3 mm in control) and was consistent with degeneration of cutaneous nerve fibers observed in later stages of tumor growth (see below).
Morphology of epidermal nerve fibers
The earliest biopsies from mice with tumor were obtained at PID 8 and the latest at PID 24. Confocal images of ENFs in skin biopsies are provided in Figure 5 . These three representative images demonstrate the impact of tumor growth from normal (control) condition (left top) through PID 10 (left middle) to PID 24 (left bottom). The denervation of the epidermis is evident in the late stages of tumor progression, e.g., PID 24 coincided with a substantial attenuation of electrophysiological activity in the tibial nerve. The branching of ENFs, defined as the number of nodes or bifurcation points per fiber, was quantified by computerenhanced tracings of individual PGP 9.5 immunoreactive fibers from biopsied skin superficial to a tumor or from the same heel region in control mice. Figure 6 A indicates a significant increase in ENF branching in skin of mice with tumor, i.e., 0.27 Ϯ 0.02 nodes per fiber compared with 0.13 Ϯ 0.02 nodes per fiber in control mice ( p Ͻ 0.007).
In addition to the observation of a greater number of branch points in ENFs of mice with tumors, analysis was also made of the proportion of fibers that had a specific number of nodes per fiber in each mouse group. Figure 7 illustrates the proportion of ENFs in control mice and mice with tumors having no branch points, one branch point, or two or more branch points. Control mice had a significantly higher proportion of ENFs having no branching (86 vs 75%; p Ͻ 0.01), whereas the percentage of ENFs containing either one (13 vs 21%; p Ͻ 0.01) or two or more (1.5 vs 4%; p Ͻ 0.006) branch points was higher in mice with tumor (Fig. 7) .
Conversely, the number of ENFs in mice with tumors declined with tumor growth. The most pronounced reduction of nerve fibers occurred in the epidermis after PID 16, and indeed some skin associated with extensive tumor growth (ϾPID 20) was completely devoid of intact fiber innervation in the epidermis. all tumor-bearing mice combined across times after implantation ( p Ͻ 0.007).
DISCUSSION
Neuronal sensitization refers to an increase in excitability characterized by spontaneous activity, lowered response thresholds, and increased response to suprathreshold stimuli, all of which were observed in the present study. The most conspicuous difference in the responses of primary afferent fibers in tumor-bearing mice was the high incidence of spontaneous activity in C-fibers. Ongoing activity in unmyelinated and myelinated nociceptors has been associated with nerve injury (Meyer et al., 1985; Ali et al., 1999) or tissue inflammation (Kocher et al., 1987; Andrew and Greenspan, 1999) . Clinical and experimental observations implicate spontaneous activity as a probable substrate of persistent neuropathic pain and progressive degenerative neuropathies (Gracely et al., 1992; Sheen and Chung, 1993) . In addition, inflammatory pain may be evoked by the release of cytokines and growth factors (Woolf, 1996) , thereby lowering nociceptor thresholds to the point at which body temperature and pressure of edema become adequate stimuli for excitation (Cesare and McNaughton, 1997 ; for review see, Sorkin and Wallace, 1999) . Spon- Figure 5 . Effect of tumor growth on morphology of ENFs. Left panels, Confocal images of glabrous skin biopsies indicating ENFs ( green) and basement membrane (BM ) and blood vessels (red) from a control mouse (top), a mouse with tumor 10 d after implantation of tumor-inducing cells (PID 10, middle) , and a mouse with tumor 24 d after implantation (PID 24, bottom) . ENFs in control mouse (top left) show normal innervation with relatively little branching. Within 2 weeks of implantation, increased fiber branching is evident (middle left). After Ͼ3 weeks of tumor progression, extensive atrophy results in loss of most ENFs. The scale bar applies to each of the panels. Right three panels, Neurolucida tracings corresponding to the composite image stack of ENFs on the corresponding left panels. Each image stack consists of a Z-series acquired in 1 mm increments throughout the thickness of the section. Note that the standard criterion for quantifying the number of fibers restricted tracings to continuous fibers passing through the basement membrane. Fiber fragments such as some of those seen in the bottom left image, for example, were not quantified. Straight lines approximating the basement membrane underneath ENF tracings (right panels) were used to determine the epidermal length of the image stack for calculation of number of fibers per millimeter of epidermis. Different branches of individual fibers are illustrated by different colors.
taneous activity may sustain central sensitization, which increases excitability of nociceptive spinal neurons (Cook et al., 1987; Willis, 1992; Woolf, 1992) . That the spontaneous activity of C-fibers observed in the present study may be maintaining central sensitization is consistent with the increased internalization of substance P receptors in the spinal cord of mice with bone cancer (Schwei et al., 1999; Honore et al., 2000a) .
Interestingly, we found no spontaneous activity in myelinated fibers in tumor-bearing mice. Studies involving peripheral nerve injury in rats report ongoing activity in cutaneous myelinated fibers (Boucher et al., 2000; Liu et al., 2000) and in fibers innervating deep tissues (Proske et al., 1995; Michaelis et al., 2000) . Recently it has been shown that spinal nerve injury evokes ectopic activity originating in the distal terminals of neighboring uninjured C-fibers (Wu et al., 2001 ). Patterns of spontaneous activity ranged from regular to bursting, similar to those in the present study.
Although we found that a proportion of C-fibers in mice with tumor were sensitized to heat, this was not accompanied by a decrease in mechanical threshold. Earlier studies also found that inflammation or capsaicin lower heat, but not mechanical, thresholds of C-fibers (Reeh et al., 1986; Kocher et al., 1987; Baumann et al., 1991) . Recently, however, sensitization of cutaneous nociceptors to mechanical stimulation after inflammation was documented using suprathreshold mechanical stimuli (Andrew and Greenspan, 1999) . In the present study, responses of nociceptors to mechanical stimuli that were above response threshold were not evaluated. We therefore cannot be certain whether mechanical hyperalgesia in this model is mediated primarily by nociceptor sensitization or by other mechanisms such as the sensitization of second-order sensory neurons in the spinal cord, i.e., central sensitization.
The observed decrease of mechanical thresholds for A␤-fibers in mice with tumor may be attributable to stretching of the skin or to changes in compliance of the skin that accompanied tumor growth. By PID 24 the maximal size of the heel tumor width measured 8.2 mm compared with 3.3 mm in control animals. Thus threshold changes of mechanoreceptors might have been induced indirectly by changes in the mechanical properties of the skin. However, the lowered thresholds of mechanoreceptors might contribute to mechanical hyperalgesia if their activity impinged on sensitized nociceptive dorsal horn neurons.
The mechanisms underlying the spontaneous activity and sensitization of C-fibers in the present model are unknown. Excitability of nociceptors can be altered by such well known algogens as prostaglandins, bradykinin, histamine, certain cytokines, and trophic factors (for review, see Wacnik et al., 2000) . The companion paper (Wacnik et al., 2001) reports elevated release from the tumor of the peptide ET-1. This finding is of interest because previous studies have implicated ET-1 in the transmission of nociceptive information in both animals and humans (Raffa et al., 1991 (Raffa et al., , 1996a Davar et al., 1998; Fareed et al., 2000; Piovezan et al., 2000; Pomonis et al., 2001 ). In addition, it is secreted in high concentrations by metastatic prostate and breast cancer cells (for review, see Gokin et al., 2001) . Levels of ET-1 are also elevated in plasma of men with prostate cancer (Nelson et al., 1995) . Administration of an ET-A receptor antagonist reduces cancer pain (Carducci et al., 1998) and decreases hyperalgesia in mice with this tumor (Wacnik et al., 2001 ). This evidence suggests that ET-1 may contribute to the tumor-evoked spontaneous activity. For control mice and mice with tumor, the proportions of ENFs having no branching, one node per fiber, or two or more nodes per fiber are compared. Fibers having no branching were significantly more abundant in control mice. Conversely, ENFs exhibiting one or more than or equal to two branch points were significantly more prevalent in mice with tumor. Asterisks indicate significant differences among groups.
Changes in nerve structure and innervation of the epidermis
The most striking morphological effect of tumor growth encountered in this study was the progressive atrophy of ENFs, as indicated by a loss of immunoreactivity for PGP 9.5, which was measurable 2 weeks after implantation of cancer cells. ENFs are unmyelinated endings that are sensitive to the neurotoxic effect of capsaicin and have been shown to include nociceptors (Simone et al., 1998; Nolano et al., 1999) . A particularly interesting finding was that mice exhibited mechanical hyperalgesia at a time when there was significant loss of epidermal innervation. The implication that denervation may be associated with pain and hyperalgesia is in agreement with several recent clinical studies. It has been shown that cutaneous innervation is reduced in several painful sensory neuropathies (Holland et al., 1997) , including diabetes (Levy et al., 1992) , human immunodeficiency virus (McCarthy et al., 1995) , painful burning feet (Periquet et al., 1999) , Fabry disease (Scott et al., 1999) , and most recently, in postherpetic neuralgia (Oaklander et al., 1998; Oaklander, 2001 ). Oaklander (2001) has discussed possible explanations for the paradox that a decrease in the number of neurons, up to a point, may enhance rather than diminish nociceptive input. Developments in cancer mice observed in our study, i.e., the presence of ongoing C-fiber activity, increased number of impulses, and lowered response thresholds to heat stimuli, accompanied ENF degeneration near the tumor site of hyperalgesic mice Ͼ2 weeks after implantation. These changes in response to tissue injury may facilitate increased activation of second-order sensory neurons simultaneous to denervation of the skin and thus account for the hyperalgesia observed during advanced tumor progression. The loss of ENFs observed in cancer mice provides direct evidence that this model of cancer pain has a neuropathic component, at least in later stages. The persistent hyperalgesia observed despite a reduction in ENFs may be a manifestation of the functional redundancy inherent in nervous systems, whereby near-normal function can be preserved after neuron injury as long as a certain minimum number of neurons survive.
A second morphological feature that occurred after tumor growth was increased branching of ENFs, which represent axonal sprouting at the nociceptive ending. Several studies have considered the effects of axonal branching on action potential propagation, and the general conclusion is that action potentials generated in one branch may propagate antidromically into other branches and collide with action potentials generated there, leading to an occlusion of the action potential signal (Grossman et al., 1973; Stockbridge, 1988; Stockbridge and Stockbridge, 1988; Peng et al., 1999) . Although the functional significance of increased branching of ENFs is unclear, one possibility is that an increase in branching of nociceptive terminals may add density to the sensory surface area through proliferation of transduction channels and/or elevated availability of endogenous compounds, such as nerve growth factor, involved in modulating excitability of nociceptors. Stucky et al. (1999) showed that mice overexpressing nerve growth factor in skin have a 50% increase in unmyelinated nociceptors in the saphenous nerve and a substantial increase in the percentage of C-fibers responsive to heat. This may account in part for spontaneous activity and sensitization of C-fiber nociceptors.
Alternatively, the spontaneous activity coupled with the degenerative changes in ENFs observed in mice with tumor seems to be consistent with the Wallerian degeneration hypothesis. This hypothesis was proposed to account for spontaneous activity of uninjured C-fibers commingling in the sciatic nerve with injured fibers degenerating as a result of spinal nerve injury (Wu et al., 2001 ). Nerve injury produced by spinal nerve ligation or transection may elicit release of substances such as nerve growth factor from injured fibers that could be transported back to the dorsal root ganglion where novel expression of receptor proteins could result in increased excitability.
Conclusions
A major impediment to understanding mechanisms underlying cancer pain has been the lack of appropriate animal models. New murine models of cancer pain are elucidating changes in biochemical, cellular, and physiological responses involved in the generation and maintenance of cancer pain. We show that tumor growth produces physiological and morphological alterations in primary afferent fibers that are characterized by spontaneous activity, sensitization of C-fiber nociceptors, and proliferation and subsequent degeneration of ENFs. These findings suggest that the observed behavioral hyperalgesia is mediated in part by sensitization of C-fibers. Furthermore, it is likely that central sensitization also occurs and may be maintained by spontaneous activity of C-fibers. An understanding of the functional interactions between tumors and peripheral nerves, and the consequences that those interactions have on the CNS, may identify novel targets for development of new therapies for cancer pain.
